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Abstract
Pulsed EPR spectroscopy was used to investigate the relaxation properties of the electron transfer components of
photosystem 1. The magnetic dipolar interactions between the quinone, A , and the redox active chlorophylls, P700 and A ,1 0
and the iron-sulphur component Fe-S , were investigated. The spin lattice relaxation transients for Ayfl, Ayfl, and P700qflX 0 1
were non-single-exponential in the presence of reduced iron-sulphur centres, suggesting a dipolar magnetic interaction.
However, when the iron-sulphur centres were removed the relaxation transients for these species became mono-exponential
demonstrating that the iron sulphur centres were the relaxation enhancing species. When Fe-S was reduced it became theX
dominant relaxation enhancing species. Qualitatively the relaxation enhancement is similar for Ayfl and Ayfl with the least0 1
qfl  w x .effect on P700 . Quantitative analysis based on the procedure described by Hirsh et al. Biochemistry 31 1992 532–541 ,
˚ ˚provides estimates of the P700 y Fe-S distance of 25–35 A, A y Fe-S and A y Fe-S of 20–30 A. The relevanceX 1 X 0 X
of these distances to those determined by other spectroscopic techniques and X-ray crystallography is discussed.
Keywords: Photosynthesis; Photosystem 1; Electron acceptor; Relaxation; Electron paramagnetic resonance
1. Introduction
The photosystem 1 reaction centre is a membrane
protein complex of the thylakoid membranes of plants
 w x.and cyanobacteria reviewed in Refs. 1,2 . It cataly-
ses the second photochemical reaction in the transfer
of electrons from water to NADP. The photochemical
Abbreviations: EPR, electron paramagnetic resonance; ES-
EEM, electron spin echo envelope modulation spectroscopy; T ,1
spin lattice relaxation time; T , spin-spin relaxation time; CW,2
continuous wave; ESE, electron spin echo; FT, Fourier transform.
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electron transfer process involves a number of mem-
brane-bound components.
P700“A “A “FeyS “FeyS0 1 X A r B
Where P700 is the photochemically active reaction
centre chlorophyll dimer, A the initial electron ac-0
ceptor thought to be a chlorophyll monomer, A is1
phylloquinone and Fe-S are 4Fe4S iron sulphurXrArB
centres. All of these components have paramagnetic
states in either the oxidised or reduced form. The
relaxation properties of these paramagnetic states in
the EPR experiment provide information about the
magnetic environment of the radical, and about the
distances between magnetic species.
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Although the sequence of electron transfer and
identity of the carriers is reasonably well established
by spectroscopic analysis, the physical organisation
of the reaction centre, which is critical to its efficient
operation, is still not well understood. The purple
bacterial reaction centre has been characterised to
high resolution by X-ray crystallography. It has pro-
vided a good basis for modelling photosystem II
w x3,4 . Photosystem 1 is, however, very different; the
two major polypeptides, PsaA and PsaB, show no
amino acid sequence homology to those of the purple
bacteria, and are about twice as large as the major
subunits of the purple bacterial reaction centre. In
addition to binding the electron transfer components,
they bind a large number of light harvesting chloro-
phyll molecules. The Fe-S centres are bound by aArB
separate small subunit, PsaC. The photosystem 1
reaction centre has been crystallised from cyanobac-
˚teria and a preliminary X-ray crystal structure at 6 A
w xresolution has been published 5 , and a preliminary
˚ w xanalysis of data to 4.5 A presented 6 . This structure
clearly identifies the three iron sulphur centres and
their relative positions. However, the position of
transmembrane helices cannot yet be unequivocally
identified. Although electron densities were tenta-
tively assigned to chlorophyll molecules and possible
quinone binding sites suggested, the specific position
of redox active cofactors cannot yet be clearly identi-
fied. Indeed, without supporting spectroscopic evi-
dence, it may not be possible to identify which of the
two quinones associated with the reaction centre is
redox active or which of the chlorophyll molecules is
the initial electron carrier.
A number of different techniques have been ap-
plied to the problem of determining the spatial organ-
isation of the electron carriers in the transmembrane
w xcomplex. Vos and Van Gorkum 7 used electrolumi-
nescence to estimate that P700–A spans 30%, A –0 0
A 50% and A –Fe-S 20% of the membrane width.1 1 A
w x w xHecks et al. 8 and Liebl et al. 9 used fluorescence
and photovoltage measurements to determine the
electron transfer time P700–A at 20 ps and A –A0 0 1
at 50 ps and to identify the electrogenic steps in the
electron transfer from P700 to Fe-S . On the basisArB
of these measurements, they suggest A is further0
across the membrane but that A and A are closer0 1
w xtogether than suggested by Vos and Van Gorkum 7 .
Their results are closer to those suggested as possible
sites for the cofactors in the crystal model. Both
models suggest that A is relatively close to the1
iron-sulphur centres. However, other workers have
obtained very much faster rates for the P700–A 0
electron transfer in the 1–2 ps or shorter range and
w xvalues of 20–40 ps for A –A 10–12 . The electron0 1
transfer time from A –Fe-S has been found to be1 X
w xabout 200 ns in a number of studies 13–15 . Taken
together these kinetic data indicate that A and A0 1
are closer to P700 than the other studies have sug-
gested, but that the A –Fe-S distance is consider-1 X
ably larger. Other measurements have suggested a
 . w xfaster time 5 ns time for A –Fe-S 16 . In the1 X
Heliobacteria and green sulphur bacteria a 600 ns
oxidation of the A equivalent has been assigned to0
w xdirect transfer from A to the Fe-S centre 17,18 .0
The techniques used by Hecks et al. and Lieble et al.
w x w x8,9 and Vos and Van Gorkum 7 do not directly
identify the components involved in producing the
measured effects, and the crystal structure model is as
yet very tentative.
The pulsed EPR technique of saturation recovery
w x19 can be used to determine the relaxation proper-
ties of magnetically interacting radical species. In the
saturation recovery experiment a paramagnetic spin
system is saturated by a high intensity microwave
pulse. The relaxation of the system to thermal equi-
librium is then observed, characterised by the spin
lattice relaxation rate T . In an isolated spin system1
the relaxation will be mono-exponential. If the spin
system interacts with a second spin system by a
dipole-dipole interaction the relaxation rate will be
enhanced, and in a powder sample become non-single
exponential as the interaction depends on the orienta-
tion of the interspin vector relative to the applied
magnetic field which will be randomised. Qualita-
tively the presence of a relaxing species can be
detected, and in combination with biochemical exper-
iments that species may be identified. The relaxation
enhancement can provide information about the dis-
tance between interacting spin systems, although for
experimental reasons the precision is poor. This tech-
nique has been extensively developed for the case of
a pairwise interaction between a slow relaxing and a
fast relaxing paramagnet and applied to distance de-
terminations between the redox cofactors of photo-
w xsystem II by Hirsh et al. 20 .
We have now applied this technique to the photo-
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system 1 reaction centre to determine relative posi-
tions of the cofactors under conditions where they
can be directly identified by their EPR spectra.
P700qfl, Ayfl, and Ayfl are slowly relaxing paramag-0 1
netic organic radical species, while the reduced iron-
sulphur centres provide the fast relaxing paramagnet.
Samples can be prepared with single organic radical
species in the paramagnetic state, in the presence or
absence of the reduced iron-sulphur centres, allowing
determination of the intrinsic and enhanced T for1
each species, and estimates of the distances between
the centres to be made.
2. Materials and methods
2.1. Sample preparation
Isolated photosystem 1 was prepared from spinach
w xchloroplasts 21 by two procedures. Digitonin photo-
system 1 particles were prepared by the procedure of
w xBoardman 22 . The final photosystem 1 pellet was
 .suspended in 50 mM Tris-HCl buffer pH 8.0 , con-
taining 5 mM MgCl and 2 mM EDTA. The prepara-2
tion normally had a P700rchlorophyll ratio of
1r150–200. Triton photosystem 1 particles were pre-
pared by solubilisation with Triton-X100 followed by
w xhydroxyl-apatite chromatography 23 . After concen-
tration by ultrafiltration the particles were stored in a
 .buffer containing 20 mM Tris-HCl pH 8.0 , 100 mM
NaCl, 0.1% Triton-X100. These preparations have a
P700rchlorophyll ratio in the range of 1r40–60.
Photosystem 1 particles depleted of iron-sulphur
w xcentres were prepared according to Mehari et al. 24
using either digitonin or Triton photosystem 1 parti-
cles as starting material. Depletion of the iron-sulphur
centres was confirmed by kinetic optical spec-
troscopy loss of all millisecond-range transient ab-
sorption changes reflecting P700 oxidation and re-re-
.duction following laser flash illumination , and low
temperature cw EPR loss of signals from the iron-
. w xsulphur centres 25 .
The identity of P700qfl, Ayfl and Ayfl radicals0 1
were confirmed by CW EPR line-shapes and g-val-
ues and by ESEEM spectroscopy. The ESEEM spec-
tra of P700qfl and Ayfl show strong nitrogen reso-0
nances from the chlorin ring and because of the very
different environments are clearly distinguishable.
The ESEEM of the quinone Ayfl shows no nitrogen1
frequencies and coupling to environmental protons
provide the only detectable resonances.
Samples were prepared in standard quartz EPR
 .tubes 3 mm i.d. at a chlorophyll concentration of 1
mgrml. Following room temperature manipulation
samples were frozen and stored in liquid nitrogen
until required. Cryoprotectants were not added as
they have been shown to alter the properties of the
w xelectron acceptor complex 26 . Samples with the
electron transfer components in different redox states
were prepared as follows:
P700qfl–Fe-Syfl: The sample was reduced by addi-A
tion of 20 mM sodium ascorbate followed by 20 min
incubation in the dark at room temperature. Immedi-
ately before measurements were made the frozen
sample was illuminated either at 77 K in liquid
nitrogen or in the spectrometer cavity at the measure-
ment temperature. This procedure results in stable
charge separation at low temperature.
P700qfl–Fe-Sy : Samples were reduced by addi-ABX
tion of 0.2% sodium dithionite followed by incuba-
tion for 30 min in the dark at room temperature.
Samples were prepared either in 50 mM Tris-HCl
 .  .pH 8.0 or in 200 mM glycine-KOH pH 10.0 . The
Fe-S centres are more fully reduced at pH 10, butArB
some reduction of Fe-S is also observed. Illumina-X
tion in the spectrometer cavity results in charge sepa-
ration with the formation of P700qflyFe-Sy. This isX
reversed when the light is turned off.
Ayfl–Fe-Sy : Samples in which all three iron-1 Ar Br X
sulphur centres were reduced were prepared either by
illuminating samples reduced with 0.2% sodium
dithionite for 1 min at room temperature followed by
15 s in the dark before freezing, a procedure which
allows any reduced A or A to decay, or by brief1 0
illumination of the sample at 200 K. A was then1
reduced immediately prior to measurement by 2 min
illumination at 200 K.
Ayfl–Fe-Sy : Samples containing reduced A0 Ar Br X 0
in the absence of reduced A were produced by1
double reduction of the quinone when it is no longer
paramagnetic. Samples reduced with 0.2% sodium
dithionite in 200 mM glycine - KOH were illumi-
w xnated at 48 for 2 hrs 27 to double reduce all the
quinone. The samples were then illuminated for 10–
20 min at 230 K to reduce A .0
P700qfl: Samples containing oxidised P700 in
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which all the acceptors were also oxidised were
obtained by illuminating samples without any added
reducing agent at room temperature for 2 min prior to
freezing. Initially samples prepared in this way were
found to have enhanced relaxation rates. This ap-
peared to be due to the presence of bound plasto-
cyanin which was also oxidised by the procedure.
The paramagnetic copper centre acted as a fast relax-
ing species. Photosystem 1 particles were therefore
 .washed briefly 10 min with 3 M urea to remove the
plastocyanin.
Ayfl and Ayfl: Samples containing these reduced0 1
acceptors in the absence of the reduced iron-sulphur
centres were prepared as above using iron-sulphur
centre depleted particles.
Samples in which all of the acceptors, A , A0 1,
Fe-S were all reduced were prepared by illumi-XrArB
nating samples at room temperature in the presence
of 0.2% sodium dithionite and freezing under illumi-
nation.
2.2. Instrumentation
Kinetic optical measurements were made using a
home-built spectrophotometer with a time resolution
of 20 ms. CW EPR spectra were recorded using a
JEOL RE-1X spectrometer fitted with an Oxford
Instruments ESR9 liquid helium cryostat. Pulsed EPR
experiments were carried out with a Bruker ESP380E
X-band pulsed spectrometer with a variable Q dielec-
 .tric resonator Bruker Model 1052 DLQ-H 8907 . For
a 16 ns pulse in a Ss1r2, g s2.002 system, thee
maximum microwave magnetic field generated by the
1 kW travelling wave tube amplifier was approx. 6 G
within the 10 mm homogeneous region of the spec-
trometer. All measurements were accumulated with a
cavity Q of about 100 resulting in a minimum dead
time of approx. 100 ns. The 908 pulse width was 16
ns and the echo was detected with a sampling digi-
tizer. Temperatures were controlled using an Oxford
Instruments CF935 liquid helium cryostat. Relaxation
transients were accumulated using the pulse se-
quence:
P1yty pr2yTypyTyAcq . n
where P1 is a pulse of sufficiently long duration to
saturate the energy level transition of the signal of
interest. The value of P1 used was typically 2000 ns.
The progress of the bulk magnetization to equilib-
rium was detected by a Hahn spin echo sequence
after a variable time, t . The relaxation transients
were analysed using software written by the authors
according to the methods described in the theory
section. In the two-pulse technique the detection is
dependent on the spin–spin relaxation rate T . T for2 2
Fe-S is very fast and it was clear that above about 5X
K spurious results were obtained suggesting T was2
too fast for the time resolution of the spectrometer. In
this case a three-pulse stimulated echo sequence was
used for detection, when the ability to detect the
signal becomes T -dependent. Electron spin echo en-1
 .velope spectroscopy, ESEEM was performed using
the three pulse stimulated echo pulse sequence,
 . w xpr2-t-pr2-T-pr2-acq 28 and the data were anal-
w xysed using BRUKER WINEPR software 29 .
3. Theory
The pulsed EPR method of saturation recovery
w x19 records the recovery of the z component of the
bulk magnetization back to equilibrium after a satu-
rating pulse of sufficient power and length. If all of
the observed spins relax at the same rate then the
observed recovery transient will obey monoexpo-
nential behaviour. However, if the observed center is
interacting with another spin by means of a dipolar
relaxation mechanism then the observed relaxation
transient will be a function of many different relax-
ation transients which have different relaxation times
depending upon the orientation. Therefore the ob-
served relaxation transient will obey multi-exponen-
w xtial relaxation kinetics 20,30 .
w xIt has been shown 20,30 that, if T and T <T1f 2f 1s
where T is the spin lattice relaxation time of the1s
slow relaxing species, T is the spin lattice relax-1f
ation time of the fast relaxing species, T is the2f
.spin-spin relaxation time of the fast relaxing species ,
then
k u sk qk 1 .  .1obs 1scalar 1u
For any particular orientation of the interspin vector,
the saturation recovery transient will be described by
 .a single exponential, k u . The observed satura-1obs
 .tion recovery transient is a function of u and the
sample has a random distribution of spins, therefore
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if one assumes that the dipolar interaction predomi-
nates then the saturation recovery transient may be
described by
p
yk .t1uI t s1yN sin u e du 2 .  .H
0
 .where I t is the observed intensity of the saturation
recovery transient at a given time t and N is an
adjustable scaling factor. A further assumption which
needs to be made in using this method of analysis is
that the isotropic contribution to the hyperfine tensor
is much larger than the anisotropic contribution. This
is because the saturating pulse of current instrumenta-
tion can only excite a certain proportion of the orien-
tations, typically for the Bruker instrument used this
width is in the order of 6 Gauss. We have made the
assumption that by choosing the centre of the radical
signal we get a statistical contribution from all orien-
tations of the interspin vector to the relaxation tran-
sient.
w xIt has been shown 20 that, at X-band, if T and1f
T 410y11 s, which is a reasonable assumption for2f
a first row transition metal at cryogenic temperatures,
then it is possible to express k in terms of a1u .
dipolar rate constant k :1d
22k sk 1y3 cos u 3 .  .1u . 1d
where
22 2 6 2k s g m r6r v 1yg rg T 4 .  . .1d s f s f s 2f
Therefore evaluation of a relaxation transient ob-
tained from the slow relaxing species will yield the
dipolar rate constant, k , the distance between the1d
fast and slow relaxing species may then be calculated
 .using Eq. 4 . k is measured as the apparent T of1d 1
the radical species in the presence of the fast relaxing
species.
The method does not allow precise estimates of
distance to be made. Assumptions which must be
made about the interaction mechanism are exten-
w x 6sively discussed by Hirsch et al. 20 . The r depen-
dence in the calculations makes the procedure rather
insensitive to small changes in T . The calculation1
depends on knowledge of T . This cannot be mea-2f
sured directly and estimates must be used as dis-
cussed later in this paper. However, the T values can1
be accurately measured, comparison of the enhanced
and intrinsic relaxation rates provides valuable evi-
dence of the relative positions of the components and
a good indication of the limits to the distance be-
tween the interacting centres.
4. Results
Initial experiments were performed on photosys-
tem 1 particles reduced with sodium dithionite and
 .Fig. 1. A The field swept electron spin echo spectrum of
photosystem 1 particles reduced with sodium dithionite and
 .frozen under strong illumination. B Field swept ESE spectrum
of ascorbate dark reduced photosystem 1 particles, illuminated at
qfl yfl  .77 K to form the radical pair P700 FeS . C The field sweptA
ESE spectrum of digitonin photosystem 1 that has been pre-re-
duced by dark incubation in the presence of 0.2% sodium dithion-
ite and illuminated at 205 K for 2 min to form the Ayfl radical.1
 .D Field swept ESE spectrum of Triton photosystem 1 pre-re-
duced by dark incubation in 0.2% sodium dithionite and continu-
ously illuminated in the instrument cavity to form the radical pair
P700qflFeSyfl. The spectral parameters are as follows: The inter-X
 .pulse delay t was 112 ns; temperature 3.7 K; sweeps per
experiment 8; shots per loop, 4; shot repetition time, 51.2 ms;
pulse resolution in =, 500 points; quadrature detection, off;
center field, 3464 G; sweep width 1000 G; microwave frequency,
9.710 GHz.
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 .Fig. 2. A Plot of spin lattice relaxation time data obtained using the three-pulse detection sequence as a function of temperature, for
yfl  .Fe-S B Inset: A typical relaxation transient, conditions: sweeps per experiment, 100; shots per loop, 32; shot repetition time, 30.720X
ms; pulse resolution in =, 256; quadrature detection, on; center field, 3921.0 G; sweep width, 0.0 G; field sweep, off; microwave
frequency, 9.710 GHz.
frozen under strong illumination. The samples pre-
pared in this procedure gave the strongest reduced
iron sulphur centre signal from the three types of
 .cluster, Fe-S . The gs2 radical signal in suchABX
samples is thought to comprise contributions from the
Ayfl and Ayfl radicals and is therefore of limited0 1
value in terms of the radical signal. However, they
have large iron-sulphur centre signals and were used
to measure the T of Fe-S at gs1.76 where the1 X
Fe-S spectrum falls outside the wings of the Fe-SX ArB
 .spectrum Fig. 1 . Fig. 2A shows a typical trace for
the measurement of the spin lattice relaxation time
for Fe-Syfl at 8.1 K obtained using the three-pulseX
detection method. These measurements were per-
formed between 3.7 and 9.0 K. Fig. 2B shows the
data obtained as a function of temperature. At about
4.5 K there is a discontinuity where presumably a
further relaxation mechanism becomes available. The
results are similar to those reported for Bacillus
stearothermophilus ferredoxin which was studied over
w xa temperature range from 1.2 to 12 K 31 . Those
results were modelled according to the Tarrasov
model which suggests a dimensionality of three for
relaxation via the Raman process. Further work is in
progress to develop an appropriate model for the
temperature behaviour of the T of Fe-S . The spin1 X
 .lattice relaxation time of Fe-S Table 1 was veryA
much slower and could be measured over a wider
temperature range using the Hahn spin echo pulse
sequence as a detector.
These observations confirm the suggestions made
on the basis of CW-EPR spectroscopy that Fe-S isX
w xrelaxing very rapidly, 32–34 , and that the relaxation
Table 1
Temperature dependence of the relaxation of P700qfl and Fe-SyflA
in photosystem 1 samples reduced with sodium ascorbate, frozen
in the dark and illuminated at 77 K to generate the radical pair
TemperaturerK T of P700 T of1 1
yradicalrms Fe-S rmsA
3.7 109.0 52.0
5.0 84.0 20.0
8.0 60.0 5.0
11.2 50.0 0.011
12.2 46.2 0.013
14.0 38.0 0.006
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 . flyFig. 3. A The ESEEM spectrum of A . Formed in digitonin1
 .photosystem 1 particles 1.0 mg chlrml pHs8.0, illuminated
 . fly flyfor 2 min at 205 K. B The combined A rA ESEEM0 1
spectrum formed by the illumination of digitonin photosystem 1
 .particles, 0.5 mg chlrml in 200 mM glycine KOH, pHs10.0
at 230 K for 10 min. Conditions were as follows: sweeps per
experiment, 4; shots per loop, 12; shot repetition time, 30.72 ms,
pulse resolution in =, 1024 points; center field, 3464 G; mi-
crowave frequency, 9.716 GHz.
rate is very much faster than that of the Fe-SArB
centers. The X-ray structure analysis shows that Fe-SX
is significantly closer to the membrane center, and so
to the electron carriers in the membrane, than the
other two centers. The dipolar interaction depends on
distance decreasing with 1rr6 dependency. It there-
fore seems reasonable to make the simplifying as-
sumption that in the presence of the three reduced
 .iron sulphur centers Fe-S , the contribution fromABX
Fe-S will dominate the relaxation enhancement ofX
the radical.
In comparison with the iron-sulphur centers the
 qfl yflmeasurement of the radical signals P700 , A and0
yfl.A were far more straightforward due to the inten-1
sity of the radical signal and the fact that the spin-
lattice relaxation rates were in the order of ms.
Following initial characterisation by CW EPR the
identities of the radicals were confirmed by the use of
ESEEM spectroscopy. Ayfl is now known to be a1
phylloquinone molecule and therefore contains no
w x yflnitrogen atoms 35 . The ESEEM spectrum of A is1
shown in Fig. 3B. It may be seen that there are no
peaks in the 0–3 MHz region of the spectrum which
would be indicative of nitrogen, the only signal is a
Fig. 4. The ESEEM spectrum of a photosystem 1 sample which
has been double-reduced and the Afly species accumulated by a0
20-min illumination at 230 K. The spectral conditions are as
follows: sweeps per experiment, 4; shots per loop, 12; shot
repetition time, 30.72 ms, pulse resolution in =, 1024 points;
center field, 3464 G; sweep width, 0.0 G; microwave frequency,
9.716 GHz.
( )M.C. Berry et al.rBiochimica et Biophysica Acta 1319 1997 163–176170
qfl  .Fig. 5. Three pulse ESEEM spectra of P700 . A Light induca-
ble reversible P700qfl radical formed by illumination in the
spectrometer during the spectrum accumulation of dithionite dark
 .reduced Triton photosystem 1 particles pHs8.0 . Chlorophyll
 . qflconcentration 1.0 mg chlrml. B P700 radical irreversibly
formed in ascorbate reduced digitonin photosystem 1 particles by
illumination in liquid nitrogen. Chlorophyll concentration 1.0 mg
chlrml. The spectral conditions are as follows: sweeps per
experiment, 4; shots per loop, 12; shot repetition time, 30.72 ms;
 .interpulse delay time, t , 112 ns; pulse resolution in =, 1024
points; center field, 3464 G; sweep width, 0.0 G; microwave
frequency, 9.711 GHz.
large resonance at 14.7 MHz which is characteristic
 .of exchangeable media proton interactions. This
would suggest a quinone moiety and exclude a
chlorophyll radical. In Fig. 3A is shown the com-
bined AyrAy ESEEM spectrum formed by the illu-0 1
mination of digitonin photosystem 1 particles 0.5 mg
.  .chlrml in 200 mM glycine-KOH pH 10.0 at 230 K
for 10 min. As may be seen there is a strong peak at
2.7 MHz, which is suggestive of nitrogen interaction.
This observation indicates that the sample contains
the chlorophyll radical, Ayfl. Further confirmation for0
this interpretation may be seen in Fig. 4. Fig. 4 shows
the ESEEM spectrum of a photosystem 1 sample in
which the Ayfl species has been double reduced and1
the Ayfl anion has been accumulated by a 20-min0
illumination at 230 K. The spectrum resembles the
mixed AyflrAyfl sample in the low frequency region,0 1
but is of far better quality. The signal intensity of A 0
in the sample prepared with A and A reduced Fig.1 0
.3A is small so that the peak at ;1.7 MHz in Fig. 4
cannot be resolved from the noise. We consider the
1.7 MHz peak in Fig. 4 is part of the A spectrum. In0
 .the Chl a cation Bratt et al., unpublished the spec-
trum consists of three peaks at ;0.8, 1.9 and 2.7
MHz. We would expect the interaction of the electron
with the nitrogen of the chlorin ring to be similar in
the anion producing a similar spectrum. We have
wstudied various chlorophyll radicals by ESEEM, 36–
x38 ; the spectra of the dimeric reaction center chloro-
 .phylls Fig. 5 are characteristic and clearly different
from the spectrum presented in Fig. 4 which indicates
a chlorophyll monomer. This observation is reached
qualitatively by noting that the double quantum peaks
which arise from the four nitrogens in the chlorin
ring are clustered at about 6.2 MHz. It may be shown
 .that the a isotropic coupling constant which is aneff
indicator of electron spin density is 3.2 MHz, similar
to that reported for monomeric chlorophyll in solu-
 .tion Bratt et al., unpublished . This a reflectseff
contributions from all four nitrogen atoms and is to
some extent qualitative, but is compatible with the
identification of a chlorophyll monomer.
The identity of the P700qfl cation was also verified
by using ESEEM spectroscopy. The oxidised P700qfl
chlorophyll dimer gives a spectrum which has been
w x  .extensively studied 36,37 also, unpublished results
and may be regarded as diagnostic. Fig. 5A shows
the ESEEM spectrum arising from the gs2.00 radi-
cal observed in a P700qfl–Fe-Syfl sample. This sig-X
nal, which is observed under continuous illumination,
rapidly decays in the dark. Fig. 5B is the ESEEM
spectrum of the P700qfl radical formed by illumina-
tion of ascorbate reduced photosystem 1. This treat-
ment results in an irreversible charge separation with
the radical pair P700qfl–Fe-Syfl, being formed. AA
much stronger signal is generated in this sample than
in Fig. 5A but the features of the two spectra are
substantially the same.
The spin-lattice relaxation rates of each gs2.00
radical signal were measured in photosystem 1 parti-
cles in which all three iron-sulphur centres were
reduced. The relaxation of P700 flq was also mea-
sured in samples with only Fe-S reduced and withA
all of the centres oxidised. The intrinsic relaxation
rates of the radicals were measured in samples de-
pleted of the fast relaxing iron sulphur centers by
urea treatment. Fig. 6A shows the result of a typical
saturation-recovery measurement at gs2.00 for the
Ayfl radical in the presence of the reduced iron-0
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yfl yfl w xFig. 6. A: Saturation recovery trace of Fe-S enhanced A radical at 8 K fitted to the multi-exponential model of Brudvig et al. 9 .X 0
k s143.73 sy1, r-squared: 0.99963, coefficient of determination: 0.91716. B: Intrinsic saturation recovery trace of Afly in a sample1d 0
from which the iron-sulphur centres had been removed fitted by a monoexponential decay model. Conditions used: sweeps per
experiment, 1; shots per loop, 1; shot repetition time, 102.4 ms; pulse resolution in =, 100 points; quadrature detection, on; Center field,
3462 G; microwave frequency, 9.714 GHz.
sulphur center Fe-Syfl at 8 K. It was found that theseX
data sets were best fitted with the multi-exponential
w xmodel suggested by Hirsh et al. 20 , suggesting that
dipolar relaxation from Fe-Syfl is taking place. Fig.X
6B shows a similar saturation recovery experiment in
a sample with the iron-sulphur centres removed. The
data sets from samples with the iron-sulphur centres
removed were best fitted by mono-exponential de-
cays. Table 2a and b summarises the intrinsic and
Fe-S enhanced relaxation data for the various radi-X
cals at 8 K for both digitonin and Triton X-100
photosystem 1 particles. In each case data resulting
from mono-exponential and multi-exponential fits are
quoted. There are two important omissions. Firstly,
there is no intrinsic T value for Ay in Triton X-1001 1
particles. This is because in Triton X-100 photosys-
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Table 2
 .  .The enhanced intact photosystem 1 and intrinsic Fe-S centre depleted photosystem 1 relaxation rates of the gs2.00 radical species.
 .  .a Fitted to monoexponential decay model for Triton and Digitonin preparations; b the combined data set fitted to the multi-exponential
decay model
Radical T enhancedrms, Triton T intrinsicrms Triton T enhancedrms, Digitonin T Intrinsicrms Digitononin1 1 1 1
 .a
A 12.9 64.0 14.6 63.00
A 19.1 16.3 64.31
P700 36.5 89.2
 .b
Radical Enhanced T rms Intrinsic T rms1 1
yA 7.0 63.00
yA 9.4 64.01
qflP700 20.1 85.0
tem 1 samples, which have been depleted of Fe-S ,ABX
no Ayfl signal is formed. Instead a broader chloro-1
phyll type spectrum is detected in these samples
when illuminated at 205 K. This observation is in
w xagreement with the work of Warren et al. 39 , who
found that the detergent Triton X-100, extracted A1
from photosystem 1 core particles depleted of Fe-S .X
Secondly, it was not possible to perform saturation
recovery measurements on the P700qflrFe-Syfl stateX
in digitonin photosystem 1 samples due to the weak-
ness of the signal obtained. The weak signal obtained
in these preparations was not surprising as the
P700rchlorophyll ratio typically found in these
preparations is considerably lower than in the Triton
X-100 preparation, and only a relatively small frac-
tion of the centers in the sample are maintained in the
required state by the illumination conditions.
The similarity of the Ayfl radical T in the digi-0 1
tonin and Triton X-100 photosystem 1 particles sug-
gests that, whilst the Triton X-100 particles are defi-
cient in both stromal and lumenal side extrinsically
bound peptides, they have not undergone any gross
structural changes which would result in significant
differences in the distances separating the acceptors.
We have combined the relaxation data for the two
types of photosystem 1 particle in the distance calcu-
lations.
5. Discussion
The identity of the components of the electron
transfer complex giving rise to each of the EPR
signals investigated and their position in the electron
transfer sequence is well established, except perhaps
for the identification of the photoaccumulated A as0
the redox active chlorophyll acceptor in normal for-
ward electron transfer. The possibility that a chloro-
phyll molecule was a transient electron transfer com-
ponent in photosystem 1 came initially from the
photoaccumulation of the EPR signals used in these
w xexperiments. 40–42 . The ESEEM results presented
here support the original suggestion that the signal
arises from a monomeric chlorophyll anion, and are
compatible with the identification of the kinetically
competent electron carrier as a chlorophyll monomer
w x43,10,11 . The X-ray structure suggests that there are
6 chlorophylls in the reaction centre core, some
distance from the light-harvesting chlorophyll com-
plex. Photoaccumulation of the A signal is quantita-0
tive with one or, under extreme conditions, two
w xchlorophyll molecules being reduced 44 . It seems
reasonable to assume that the chlorophyll reduced in
the present experiments is one of the four monomeric
chlorophylls in the core, and that it is most likely to
be the one in an environment which promotes redox
activity during normal electron transfer.
The CW EPR spectra of the radicals Ayfl and Ayfl1 0
both in the presence and absence of the fast relaxing
Fe-Syfl display line-widths of about 0.8 mT and 1.3X
mT respectively. Extraction of the fast relaxing com-
ponent from the centers has no significant effect on
the line-width of the radical signal. This would seem
to indicate that there is no exchange coupling mecha-
nism operating between Ayfl or Ayfl and Fe-Syfl. If1 0 X
there was a significant broadening of the radical
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signal would be expected. The possibility of ex-
change coupling was proposed on the basis of obser-
w xvations made by Mansfield and Evans, 32 that in
digitonin but not Triton X-100 photosystem 1 parti-
cles, a decrease in the intensity of the Fe-Syfl spec-X
trum was observed when A , but not Ayfl, was0 1
reduced, indicating that there is an interaction be-
tween Ayfl and Fe-Syfl, but not between Ayfl and0 X 1
Fe-Syfl, from which it was inferred that A is closerX 0
to Fe-S than A . We could not consistently repro-X 1
duce this result in the very concentrated samples
required for pulsed EPR measurements.
The saturation recovery data presented in this pa-
per show that Fe-Syfl is interacting with both AyflX 1
and Ayfl in both digitonin and Triton X-100 particles.0
If one assumes the major factor determining the
strength of interaction between two paramagnetic
centers is the distance between them, we can make
Fig. 7. A model arrangement of the cofactors in the photosystem 1 reaction center. Solid arrows, the path of electron flow. Dotted arrows,
distance between cofactors as indicated by the experiments described.
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some qualitative deductions about the distance sepa-
rating Fe-S and the preceding redox components inX
photosystem 1.
At temperatures below 8 K we were not able to
obtain a reliable data set for both enhanced and
intrinsic radical T ’s. The intrinsic saturation recov-1
ery rates were too slow to determine accurately,
being beyond the range of our instrument. Also at
temperatures of about 4–5 K the spin-lattice relax-
ation time for Fe-S is in the ms domain and we didX
not feel confident that the center was relaxing fast
enough to sufficiently enhance the radical T . At 8 K1
we found that the spin lattice relaxation time of
Fe-S is of the order of 540 ns and it was possible toX
obtain accurate data sets for both the intrinsic and
enhanced radical signals. It is evident, from Table 2a
and b, comparing the relative degrees of enhancement
of the various radical centers by Fe-Syfl, that a trendX
may be discerned. This trend suggests that an order
of decreasing enhancement by Fe-Syfl can be ob-X
served with A GA )P700. It may be argued that0 1
the relaxation enhancement of the quinone and
chlorophyll radicals are due not only due to the
presence of Fe-Syfl but also to Fe-Syfl, which areX AB
reduced in all of the samples studied. The relaxation
qfl y  .of P700 is enhanced by Fe-S Table 1 . However,A
this enhancement is very much less than that by
Fe-Sy and is unlikely to significantly alter the ratesX
in the presence of FeSyfl.X
A qualitative model of the photosystem 1 reaction
center may be constructed. The intrinsic spin-lattice
relaxation rates of the radical centers were enhanced
8-fold in the case of Ayfl, 6-fold in the case of Ayfl,0 1
and 4-fold for P700qfl. Inferences from these relax-
ation enhancements refer only to vector distances and
not the relative spatial orientation; however, satura-
w xtion-recovery data together with kinetic data 10–12
allow some inferences to be drawn about the relative
arrangement of the acceptors. The results suggest that
A and A are significantly closer to Fe-S than is1 0 X
P700. A would seem to be closer than A .0 1
A more quantitative analysis of our saturation
recovery data may be obtained by using the method
w xof Hirsh et al. 20 . As has been discussed previously,
the measurement of the fast relaxing species in this
.case Fe-S is problematical. When it is relaxing fastX
enough to cause a noticeable enhancement of the
 .radical signal i.e., at 8 K , it is relaxing too quickly
for T to be measured on the spectrometer used in2
these experiments.
The saturation-recovery data obtained for the en-
hanced radical systems studied were fitted to the
w xpowder model of Hirsh et al. 20 to obtain k . In1d
 .Eq. 4 the distance between the relaxing species may
be calculated if both T and k are known. How-2f 1d
ever, T can only be estimated. A minimum limit to2f
w xthe distance can be set by taking T sT 20 .2f 1f
However, the measurements of T of Fe-S by the1 X
Hahn echo sequence show that this is not the case as
T falls below the dead time of the spectrometer of2
100 ns between 5–6 K. An estimate of T sT r102f 1f
may be more realistic and provide an upper limit to
the distance. Taking T to be either 540 ns or 50 ns2f
 . and using Eq. 4 with the constants taking their
w x.usual values, m s1.87 m 45 , distances betweenf B
the radical acceptors and Fe-S were calculated.X
˚ ˚These distances were 24 A–35 A for the P700-FeS ,X
˚and 20–30 A for A rA -FeS . The results are repre-0 1 X
sented diagrammatically in Fig. 7.
The distance between P700 and Fe-S is in broadX
agreement with the crystal structure of Krauss et al.
w x5,6 which suggests a P700-Fe-S distance of aboutX
˚30 A. Most models of photosystem 1 have assumed
that A is physically on a line between A and1 0
˚Fe-S . The 6 A crystal structure did so, but in the 4.5X
A˚ structure that assignment has been changed and the
position of the quinone is currently unknown. Our
results, which show that A is at least as far from1
Fe-S as A , suggest that A must be much furtherX 0 1
from the median line of the reaction centre. These
results together with the most recent kinetic measure-
w xments 10–12 suggest that the functional core of the
reaction centre is more compact than in purple bacte-
ria, with the chlorin and quinone acceptors signifi-
cantly closer together and also closer to the reaction
centre chlorophyll. These results are in contrast to
w x w xthose of Hecks et al. 8 and Liebl et al. 9 . who
investigated the electrogenic steps of photosystem 1
electron transfer and concluded that A is midway1
between A and Fe-S . However, this distance esti-0 X
mate refers to the dielectrically weighted transmem-
brane distance and would only translate directly to
actual distances if the dielectric environment of the
reaction centre is homogeneous. It is possible that the
environment of the iron-sulphur centres is very dif-
ferent from that of the chlorinrquinone core. Direct
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comparison with these results may not, therefore, be
appropriate.
If A and A are equidistant from Fe-S , it might1 0 X
be questioned whether the electron normally passes
through A . At low temperatures it has been reported1
that electron transfer to the iron-sulphur centres oc-
curs in quinone depleted preparations; however, at
room temperature the quinone was required for NADP
w xreduction 46,47 . There is a report of Fe-S reduc-X
tion in 5 ns, which would exclude the quinone medi-
w xated reaction, in photosystem 1 16 , and in the
heliobacteria and green sulphur bacteria the chlorin
acceptor is reported to be oxidised in 600 ns with no
w xevidence for quinone participation 17,18 . The
quinone requirement for NADP reduction, the 30 ps
reoxidation of A , and the rapid formation of the0
P700qflrAy radical pair followed by its reoxidation1
by Fe-S all indicate that the normal electron transferX
path is through the quinone. This presumably reflects
a requirement for rapid reoxidation of Ay to ensure0
efficient energy conservation. Direct forward electron
transfer from A to Fe-S on a ns time scale would0 X
compete poorly with the AyrP700qfl back reaction,0
whereas the 30 ps transfer to A will be very effi-1
 . ycient, and the relatively slow 200 ns A to Fe-S1 X
transfer is still much faster than the AyrP700qfl back1
reaction which is in the ms time domain.
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